. These experiments are revealLearning systems must be able to store memories reliably, yet be able to modify them when new learning ing a number of contingencies under which reversal of plasticity can occur, such as limited temporal windows is required. At the mechanistic level, new learning may either reverse the cellular events mediating the storfor reversal of LTP. Ultimately the strategies for reversal of old memories must be understandable in terms of age of old memories or mask the old memories with additional cellular changes that preserve the old cellusuch constraints, when operating in the context of a functional circuit. lar events in a latent form. Behavioral evidence about whether reversal or masking occurs in a particular
gain-up and gain-down stimuli ( Figures 1C and 1D) . The of learned changes in the VOR, we remeasured the VOR 24 hr after a 30 min training period. During this 24 hr gain of the VOR, defined as the ratio of eye to head velocity, increased with 30 min of gain-up training from period, the mice were allowed to roam freely in their cages, which were kept in a completely dark chamber an initial value of 0.40 Ϯ 0.03 (mean Ϯ SEM) to a final value of 0.56 Ϯ 0.03, a change of ϩ40% (n ϭ 30, Figure to prevent further adaptive changes in VOR gain. As shown in Figure 1G , the changes in VOR gain induced 1E). With 30 min of gain-down training, the gain of the VOR decreased from 0.42 Ϯ 0.02 to a final value of by gain-up or gain-down training did not decay during 24 hr in darkness (p Ͼ 0.05, WSRT; n ϭ 9 each training 0.25 Ϯ 0.01, a change of Ϫ40% (n ϭ 30). In each case, the time course of learning was well fit by a single expocondition). Thus, the rapidly induced changes produced by gain-up or gain-down training are persistent motor nential with a rapid time constant (9.3 min for gain-up, 22 min for gain-down).
memories. The dynamics of the VOR were affected differently by gain-down and gain-up training. The phase of the VOR
Saturation of the Increase in VOR Gain
We next determined whether motor learning in the VOR is a measure of the timing of peak eye velocity relative to peak head velocity (see Experimental Procedures).
could be saturated with acute training. Mice were exposed to three 30 min training sessions with either gain-up or Naive animals had a VOR phase lead of 22.9Њ Ϯ 0.5Њ ahead of perfect compensation, meaning that peak eye gain-down stimuli, with 2 hr rest periods in darkness between sessions. These rests allowed us to measure the velocity occurred earlier than peak head velocity (n ϭ training session, the VOR gain increased significantly (p Ͻ 0.05 for both, WSRT; n ϭ 14 for second session, Previously, it was shown that changes in the VOR induced by extended training persisted, in the absence 9 for third session) but decayed during the 2 hr rest to the value at the beginning of the previous session (p Ͼ of visuovestibular stimuli, for days after induction (Miles and Eighmy, 1980; Robinson, 1976) . However, persis-0.05 for both). Thus, although the original gain-up training session resulted in a persistent increase in VOR gain, tence of learning has not previously been characterized after acute training. In order to measure the persistence additional gain-up training sessions resulted only in ) rest periods (n ϭ 14, n ϭ 9, respectively, through 1 hr of gain-up training; n ϭ 12, n ϭ 6, respectively through 2 hr). The solid curve beginning at the 80 min point in gain-up training is the exponential fit to gain-up training from the naive state ( Figure  1E ). ٌٌ marks the time point at which the VOR is restored to its original gain, for mice pretrained with gain-down sessions with 2 hr rests. transient increases. This saturation of the persistent inin VOR gain, whereas additional gain-up training after the first 30 min training session caused only transient crease in VOR gain occurred even though the gain required for image stabilization had not been achieved. increases in VOR gain. The changes in VOR phase after multiple training sesRetinal image slip, defined as the movement of the visual image relative to the eye, is believed to be an error signal sions paralleled the changes in VOR gain. During three gain-up sessions, only a small (but significant, p Ͻ 0.05) controlling motor learning in the VOR. The velocity of retinal image slip during exposure to the gain-up stimureduction in phase lead accumulated ( Figure 4A , filled symbols). However, during three gain-down training lus decreased slightly during the three training sessions but was not reduced dramatically ( Figure 3A) . sessions, the phase lead increased steadily ( Figure 4C , filled symbols). Thus, additional training sessions changed Decreases in VOR gain did not saturate like the increases in gain did ( Figure 2C, filled symbols) . When the VOR phase in ways that continued the trends observed during the first 30 min of training ( Figure 1F ). mice were trained with three gain-down sessions, the gain returned toward the initial gain during the 2 hr rest following each session but remained lower than the gain Reversibility of Increases and Decreases in VOR Gain at the beginning of that training session (p Ͻ 0.05; n ϭ 15 for second session, 9 for third session). Thus, additional
In order to examine how the mechanisms for increasing and decreasing the gain of the VOR interact, we exposed gain-down training sessions caused lasting decreases . This suggests that by the start of the second gain-up training session, these irreversibility we observed could be overcome by more extended training, we subjected a subset of the mice mice had not only reattained their initial VOR gain but were capable of normal learning in response to the gainto additional 1 hr gain-up training sessions, separated by 24 hr periods of normal light-dark cycles in the home up stimulus. The phase changes during gain-up training also were consistent with reversal of changes induced cage. After two additional gain-up training sessions, mice began to show learning curves more similar to by gain-down pretraining. During gain-up training, phase leads for mice previously trained with one or two those in naive mice ( Figure 5A) . Thus, the irreversibility of the effects of gain-down training was present primargain-down sessions declined, indicating that reversal of the changes induced by gain-down training had ocily at short timescales and either disappeared with time or was overcome by more extensive gain-up training. curred ( Figure 5C ). When these mice had reattained their initial VOR gain at the beginning of the second gain-up was no difference between the effects of massed and training session, their phase lead was also restored to spaced gain-up training on VOR phase ( Figure 4A ). Durits initial value (p Ͼ 0.05; WSRT).
ing subsequent gain-down training, the VOR gains and Plots of the changes in gain versus the changes in phases of mice pretrained with the spaced and massed phase in these experiments suggest that reversal of the gain-up stimuli changed in similar ways, consistent with effects of gain-down training on the circuit for the VOR complete reversal in both cases (Figures 2B and 4B) . had occurred by the beginning of the second gain-up Thus, whereas the enhancement of gain-down training session (Figures 5D and 5E) . During the first hour of by longer rests retarded reversal by gain-up training, gain-up training, hysteresis was apparent in the gainthere was no effect of spaced training either on learning phase plot, especially for mice pretrained with two gainin response to the gain-up stimulus or on the vulnerabildown sessions. The shape of this curve suggests that ity of these changes to reversal by gain-down training. both masking and reversal were occurring in the circuit. However, during the second gain-up session, which reDiscussion sulted in an increase in gain similar to that in naive mice, the hysteresis diminished as the gain-phase relation
The simple anatomy and well-characterized plasticity converged on the initial path ( Figure 5E, asterisk) . This mechanisms of the cerebellum make it a good system is consistent with complete reversal, suggesting that for the study of memory. Motor learning in the VOR is the capacity for learning had been restored to a state a cerebellum-dependent task well suited for studying similar to that in naive mice. Thus, the effects of a limited how new and old memories interact, since the VOR can amount of gain-down training were more readily reversundergo bidirectional changes in gain. One straightforible than the effects induced by more extended gainward idea is that oppositely directed changes in VOR down training. However, this reversal still required a gain could be implemented in the brain by inverse plasgreater amount of training, compared to reversal of the ticity mechanisms, e.g., LTP and LTD at a particular effects of gain-up training.
synaptic site. However, most previous studies have foFinally, we modulated the dose of training by a manipcused on a model in which an increase and a decrease ulation that did not modify total training time, but instead in VOR gain are each implemented using the same synincreased the amount of resting time after each of the aptic plasticity mechanism, namely LTD at parallel fiberfirst three training sessions from 2 hr ("massed" training) Purkinje cell synapses ("cerebellar LTD") (Ito, 1972) . to 24 hr ("spaced" training). In many learning systems, In its most general form, the cerebellar LTD model spaced training results in larger or more robust changes suggests that the diversity of signals carried by parallel than massed training. Accordingly, the gains of mice fibers would enable a single plasticity mechanism, apundergoing spaced gain-down training decreased more plied to different sets of parallel fiber synapses, to medithan those undergoing massed gain-down training (Fig- ate a diverse set of stimulus-response associations (Alure 2C, open symbols for spaced training). Some of this bus, 1971; Marr, 1969). As applied to the VOR, this model difference was due to the VOR gain returning toward its attributes both an increase and a decrease in VOR gain initial value when observed 2 hr, but not 24 hr, after to a single synaptic plasticity mechanism by suggesting training. For mice undergoing massed gain-down trainthat cerebellar LTD operates independently on parallel ing ( Figure 2C, filled symbols) , the VOR returned toward fibers that are active at different times during the VOR the initial gain during the first 2 hr rest (p Ͻ 0.05, WSRT).
( Figure 6A ; Ito, 1972; Ito, 1982) . More specifically, it has However, there was negligible change (p Ͼ 0.05; n ϭ 9) been proposed that LTD of parallel fibers firing during during the first 24 hr rest for mice undergoing spaced ipsiversive head turns would induce an increase in VOR gain-down training ( Figure 2C, open symbols) . Similarly, gain, whereas LTD of parallel fibers firing during contraduring the second and third rests, the VOR gain returned versive head turns would induce a decrease in VOR gain. toward its initial value for mice undergoing training with This model predicts that (1) increases and decreases in massed, but not spaced, gain-down stimuli (p Ͻ 0.05 VOR gain would have similar properties due to their for massed; p Ͼ 0.05 for spaced). After three gain-down shared plasticity mechanism, and (2) increases and detraining sessions, the VOR gains ( Figure 2C ) and phases creases in VOR gain would not reverse each other at ( Figure 4C ) of mice undergoing massed and spaced the mechanistic level. Neither prediction is borne out by training were quite different (p Ͻ 0.05 for both, MWUT). our results. We find that increases and decreases in Thus, spaced training facilitates the gain and phase VOR gain exhibit key differences, suggesting that (1) changes induced by gain-down training. they depend upon different cellular plasticity mechaWhen we subsequently exposed these mice to gainnisms, and (2) these plasticity mechanisms reverse each up training sessions, the VOR gain of mice pretrained other with unequal efficacy. with spaced gain-down sessions was consistently lower, at each time point, than that of mice pretrained Different Time Courses for Increases with massed gain-down sessions ( Figure 2D) , and the and Decreases in VOR Gain phase consistently showed greater lead ( Figure 4D ).
Increases and decreases in VOR gain possess different Thus, the enhanced decrease in VOR gain induced by temporal properties. An early study using long training spaced gain-down training had a residual effect that periods in primates found that in the absence of visupersisted throughout subsequent gain-up training. ovestibular stimuli, increases in VOR gain decayed more In contrast to the results with gain-down training, we than decreases over the course of several days (Miles saw no difference between massed and spaced gainand Eighmy, 1980). Our study found additional differup training sessions (p Ͼ 0.05 at each time point, MWUT; n ϭ 9 for spaced condition; Figure 2A) . Likewise, there ences in the time courses of increases and decreases in VOR gain, using acute training protocols in mice. In ticity mechanisms being responsible for each, in contrast to the cerebellar LTD model, which would predict our study, we found that the increase in gain saturated quickly despite the continued presence of significant similar temporal components of expression for these two memories. tracking error, whereas the decrease in gain did not saturate despite reduction of tracking error. Further ex-A pharmacological study in goldfish provides support for the idea that increases and decreases in VOR gain amination of the effects of gain-up training revealed two distinct temporal components of memory expression, depend on different plasticity mechanisms. Induction of LTD can be blocked by inhibiting nitric oxide (NO) activone of which lasted less than 2 hr, and one of which persisted for at least 24 hr. These separate components ity in Purkinje cells (Crepel and Jaillard, 1990; Shibuki and Okada, 1991). It has been reported that blocking are reminiscent of the short-and long-lasting components of expression seen in vitro for many plasticity
, 1996). Only ipsiversive-responding parallel fibers are needed, consistent with the observation that the majority of Purkinje cells increase their firing during ipsiversive head motion, when the eyes are held still (Lisberger and Fuchs, 1978). An increase in VOR gain is implemented as in the original cerebellar LTD model (gain-up), but in this model a decrease in VOR gain is mediated by both pre-and postsynaptic forms of LTP (gain-down). When an increase in VOR gain is followed by a decrease in gain, first postsynaptically expressed LTD is induced, followed by pre-and postsynaptically expressed LTP (gain-up then gain-down). Reversal is complete if

NO signaling in the cerebellum of goldfish affects increases but not decreases in VOR gain (Li et al., 1995). mechanisms, including cerebellar LTD (Ahn et al., 1999; Murashima and Hirano, 1999). After repeated gain-down
This is consistent with the idea that increases in VOR gain depend, more than decreases in VOR gain, upon training, however, we did not find any decay of the resultant motor memories over 24 hr. When we compared an NO-dependent process such as cerebellar LTD. the effects of massed and spaced training on gain-down stimuli, we found reduced expression of decreased VOR A Rule Governing Models of Memory Storage Mechanisms: Asymmetric Reversibility gain after 2 hr, but not 24 hr, rests. The slower component of memory expression after gain-down training reOur behavioral results provide insight into the sets of plasticity mechanisms that could mediate oppositely flects the delayed expression of memories induced 24 hr previously. Delayed components of memory processes directed cerebellum-dependent motor memories. In particular, our study of the interaction between inhave been described in several learning systems, such that expression of plasticity is reduced at an intermedicreases and decreases in VOR gain constrains how the different plasticity mechanisms mediating these changes ate time point, only to return to higher levels of expression later (Schulz et al., 1999; Sutton et al., 2001) . The must interact, namely that they must reverse each other in an asymmetric fashion. differences in the time course of acquisition, expression, and decay of the motor memories for an increase versus
At the behavioral level, we found striking asymmetries in the reversal of increases and decreases in VOR gain. decrease in VOR gain are consistent with different plas-Gain-down training after gain-up training not only rethreshold beyond which the effects of gain-down trainstored the VOR gain to its initial state, but also apparing become significantly less reversible. Longer periods ently restored the capacity for learning in response to the of gain-down training must result in changes that are gain-down stimulus. In contrast, acute gain-up training less subject to reversal by the plasticity mechanisms only partially reversed the effects of gain-down training; engaged by gain-up training. even when the VOR gain was restored to its initial value, the capacity for learning in response to the gain-up stimHow Might Asymmetric Reversibility Be ulus was not restored to its initial state. The time course
Implemented at the Neural Level? of reversal was also different. Gain-down training reThe asymmetrically reversible plasticity mechanisms versed the effects of gain-up training with a rapid time predicted by our results could take several forms. One course (minutes), whereas the reversal of the effects of mechanistic difference that could result in asymmetric gain-down training by gain-up training was slow (hours). reversibility at the behavioral level is that different sites This difference in the time course during reversal training in the circuit could be used for storing increases and was observed despite more similar time constants of decreases in gain. In the VOR, evidence from in vivo learning for increases and decreases in gain from the recordings suggests that learning produces changes naive state, and it suggests a mechanistic difference in that are distributed between the cerebellum and brainthe reversal of these two behavioral states.
stem ( . predicted by the model would be the same: both sets Another possible mechanistic difference is that inof synapses would undergo LTD, potentially to the point creases and decreases in VOR gain could be mediated of saturation ( Figure 6A ). This kind of model cannot by oppositely directed synaptic changes, which asymreadily account for the differences we observed bemetrically reverse each other. The reversibility of plastictween the reversal of increases and decreases in gain. ity has been examined at a few sites in the vestibulocereThe cerebellar LTD model also would predict that at bellar circuit. Full reversibility has been reported for LTP the mechanistic level, the changes mediating increases and LTD of vestibular inputs to the vestibular nuclei and and decreases in VOR gain would mask rather than for changes in intrinsic excitability of Purkinje target reverse each other (Lisberger, 1996; Sejnowski, 1977) . were also made of the eye movements in the presence of the gainup or gain-down stimuli, at the beginning and end of each 10 min Experimental Procedures training session. Retinal image slip was calculated by extracting the amplitude and phase from the averaged difference between drum Experiments were performed on 78 male C57BL/6 mice, 9-12 weeks velocity and eye movement velocity. During experiments with multiold, from Charles River Labs (Wilmington, MA). All procedures were ple training sessions, night vision goggles were used to transfer the approved by the Stanford University Administrative Panel for Laboanimals to and from their cages, which were kept in a completely ratory Animal Care (APLAC). dark chamber during the rest periods.
Surgical Procedure
Schedule of Acclimatization and Calibration Each mouse was anesthetized with ketamine/medetomidine, folOn the sixth day after surgery, each mouse was acclimatized to lowed by isoflurane. After making a midline incision along the scalp, head restraint for two 15 min sessions. During the first of these three screws were embedded in the skull. Using forceps, a pocket sessions, the mouse's scleral search coil was calibrated by rotating was blunt-dissected beneath the conjunctiva of the temporal portion the magnetic field coils sinusoidally (Ϯ10Њ/s peak velocity) around of the right eye. An 80-turn copper scleral search coil (IET, Marly, the mouse, which was held stationary in darkness. During the secSwitzerland), 1 mm in diameter, was glued into the pocket with ond 15 min acclimatization session, the VOR gain, OKR gain, and Vetbond (3M Animal Care, St. Paul, MN). The twisted wire leads eye movement responses to the gain-up and gain-down stimuli were threaded through the top of the eye, emerging from under the were measured. To minimize possible learning effects during these scalp near bregma. A few millimeters of the wire were tucked under measurement sessions, only one block of data was taken in each the skin just posterior to the eye to provide slack for eye motion.
condition. Six mice out of the 78, with obvious eye damage or The ends of the wires were soldered to a 2-pin connector. This impaired visuomotor ability (defined as VOR or image tracking ability connector and a plastic headpost (placed approximately over lower than two standard deviations below the mean), were not exlambda) were cemented with dental acrylic to the three anchor perimented upon. Two additional mice were not experimented upon screws (Henry Schein, Melville, NY).
because of irregular basal VOR gain. All experiments began on day 7 after surgery, at which time the eye healing process appeared to 
